Abstract
Second-harmonic generation (SHG) is a nonlinear coherent scattering process that is sensitive to molecular structures in illuminated materials. We report SHG polarization measurement for the detection of protein conformational changes in solutions of macromolecular protein assemblies such as microtubules and protein crystals. The results illustrate the potential of this method for protein structural analysis in physiological solutions at room temperature without labelling.
Second-harmonic generation (SHG) microscopy is a powerful modality that enables the visualization of fibre structures without labelling. Such structures include the fibrillar collagen in tendons, myosin thick filaments in myosarcoma, and the densely bundled microtubules in living specimens [1] [2] [3] . SHG is a coherent process in which two photons that have the same energy are effectively 'combined' to generate a new photon with twice the energy; it was first discovered in 1961 4 . Twenty-five years later, SHG was used to determine the orientation of collagen fibres in a rat tail tendon 5 . Because SHG is sensitive to static electric field, SHG microscopy was also used to measure the action potential of a nerve cell 6, 7 . The microscope design is based on that used for laser-scanning confocal fluorescence microscopes, so that the simultaneous observation of fluorescence and SHG is possible 8 .
SHG is now also used for whole-animal imaging in vivo 9, 10 .
The nonlinear susceptibility of a material to SHG is expressed as the 3 rd -rank tensor (SHG tensor) originating from molecules with broken centrosymmetry and their alignments in macromolecular assemblies 1, 2 . This unique feature may enable the acquisition of data about the spatial distributions of filament orientations, and can provide information on protein secondary structures, such as the axial pitch of alpha-helices 11 . Furthermore, SHG microscopy can be used to visualize the spatial distribution of fibre polarity directions in tissues with interferometric configurations 12, 13 . Therefore, the SHG signal potentially carries structural information about proteins, which can be recorded optically without labelling.
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For many decades, the major tools of protein structural analysis have been cryo-electron microscopy (cryo-EM) and X-ray crystallography 14, 15 , both of which are currently advancing to the next generation 16, 17 . Whereas cryo-EM and X-ray crystallography provide static information on protein structure, structural dynamics can be investigated using nuclear magnetic resonance (NMR) and Förster resonance energy transfer (FRET) 18, 19 . These technologies seem to provide a comprehensive tool-kit for the analysis of protein structures. However, these tools present several important practical difficulties: biological samples should be preserved in a frozen-hydrated state prior to examination using an electron microscopy grid in cryo-EM observations; X-ray crystallography requires a highly-purified single crystal with a typical size of 30-300 m; and NMR and FRET require chemical labelling. In contrast, SHG observation requires only a small (200-500 nm) crystal or fabric structure. In the present study, we propose bypassing the problems mentioned above by adding the measurement of SHG polarization to the tool-kit of structural analysis methodologies.
RESULTS

Improvement of signal-to-noise ratio in SHG detection
A microtubule (MT), which is a helix filament composed of heterodimers of -and -tubulin 20, 21 , provides the best model for proof-of-concept because the structural differences between the nucleotide-dependent states in MTs have been studied extensively [22] [23] [24] [25] [26] . In order to obtain the SHG polarization dependence curve for the structural difference in the MT, we constructed a transmission-type SHG microscope with a rapid polarization control device comprising a pair of electro-optic modulators in the incident light pathway 27 (Fig 1) . In an observation of fixed nerve cells, we selectively observed the bundled MTs in the dendrites, and confirmed the electric polarity of the centrosomes using the present SHG microscope (Fig. S1 ).
A single MT fibre was preferred to simplify the interpretation of the experimental data. Although the sensitivity of the SHG detection of the present microscope was high enough to detect the SHG 5 scattered from a single MT, the background noise degraded the signal-to-noise (S/N) ratio of the obtained image (Fig. 2a, left) . SHG light generated in the glass coverslip on which the MTs were adsorbed was a major source of noise. Because the SHG from a commonly used borosilicate glass (known as BK7) exhibited non-negligible intensity as strong as that from a single MT (Fig. 2b, left and Fig. 2c, left) , we replaced the borosilicate glass with high-purity SiO 2 glass, which suppressed the SHG noise from the substrate (Fig. 2b, right) . This improved the S/N ratio by approximately 2.8-fold (Fig. 2c) , enabling the detection of the SHG signal from individual MTs (Fig. 2a, right) .
Therefore, the present method provided clear SHG images of individual MTs, even in fixed cells, and was at least as effective as fluorescence microscopy ( Fig S2) .
Structural differences in a single MT detected by polarization SHG microscopy
We first investigated the possibility that the electric polarization of SHG light varies according to the structure of a single MT. The -and -tubulin in a MT form almost indistinguishable structures, and a one-dimensional array (protofilament) of tubulin subunits with an approximately 4-nm pitch forms a parallel bundle to make a tubular structure that is approximately 25 nm in diameter. The authors of recent cryo-EM studies have reported the conformational changes in the MT 25, 26 . The overall conformation of tubulin subunits is conserved, but the tilt angle of each tubulin subunit changes depending on the binding nucleotide. The tubulin subunits tilt down toward the outside and away from the tube axis when bound to a guanosine diphosphate (GDP) molecule stabilized with the anti-cancer drug paclitaxel (Taxol), compared with when they are bound to the guanosine triphosphate (GTP) analogue guanosine-5'-[(,)-methyleno]triphosphate (GMPCPP) (Fig. 3a) . In the present study, we assumed the variation in the orientation of the tubulin subunits could be represented by a single angle parameter: the tilt angle of the permanent dipole of the tubulin subunits (). It can be assumed that the dominant hyper-polarizability lies in the same direction as the dipole.
The validity of this assumption is discussed in detail in the Discussion section.
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To investigate the conformational differences between GMPCPP-MT and GDP-Taxol-MT using SHG polarization, we adsorbed single fibres of GMPCPP-MT and GDP-Taxol-MT onto a glass coverslip, which we oriented along the laboratory axis Y (the vertical axis in the image plane), and measured the dependence of the X-and Y-polarization components of the SHG signal from the MTs on the incident polarization angle () (Fig. 3b) . There was an obvious significant difference between the two MT states in the X-polarization component but not in the Y-component (Fig. 3c) , indicating that SHG microscopy is capable of sensing structural differences in an MT. It should be noted that the intensity of the X-polarized SHG at  = 0° and  = 90° should theoretically be zero under paraxial approximation, whereas it was positive in our experiment. This discrepancy can be accounted for by the depolarization effect of an objective lens with a high numerical aperture whose surface curvature causes rotation of polarization through refraction as well as propagation vector 28 ( Fig. S3 , and see the Methods section). It was hypothesized that the present method proactively used the depolarization effect of the objective lens in the real system to highlight the differences.
Theoretical calculation of the depolarization effect in the detection of the structural differences in a single MT
To evaluate the influence of depolarization on the MT polarization measurements, we calculated incident polarization dependence curves (0°-90°) with and without consideration of the depolarization effect (Fig. 4ab) . A virtual MT was placed at the centre of the image plane and oriented along the Y axis, and the tilt angle of the dipole of the tubulin subunits () was varied from 0° to 40° with respect to the MT axis. In the absence of the depolarization effect, it is not possible to detect the structural difference from the polarization curve of the X-polarized component, because the curve shape of the X-polarized component does not change with  (Fig. 4a) . In the presence of depolarization, the curve shape changes significantly depending on the value of  (Fig. 4b) . The normalized curves highlighted the structural difference between the two MT states owing to the presence of the depolarization effect (Fig. 4c) . It should be noted that there is no guarantee the calculation presented here agrees with the experimental results owing to the complexity of the depolarization property of the actual objective lens.
Estimation of dipole angle of a tubulin subunit from the incident polarization dependence of SHG
The dipole angle of each tubulin subunit was calculated from the incident polarization dependence of SHG intensity. For precise measurement of the polarization dependence, we used dense bundles of parallel microtubules (MT bundles) to increase the SHG signal, which is proportional to the square of the number of tubulin subunits in a focal volume. Hundreds of microtubules were grown in a
Xenopus egg extract from the sperm head, which served as the artificial microtubule organizing centre 29 ( Fig S4 , and see the Methods section). Because the GMPCPP-MTs tended to form short filaments, and it was difficult to form large MT bundles, we used GDP-bound MT (GDP-MT)
instead of GMPCPP-MT, and compared it with GDP-Taxol-MT. The angle of permanent dipole of a tubulin subunit (), as well as that of the dominant hyper-polarizability, can be derived from only two independent components of the SHG tensor, as previously described 30 , which are measurable by the incident polarization dependence of SHG intensity (Fig. 5ab ). The histograms of the estimated  with respect to the tube axis ( Fig. 5c ) suggested that Taxol changes the  values of GDP-bound MT (without Taxol, 38.5°; with Taxol, 39.7°) (Fig. 5d ). This tilt angle change is consistent with the structures obtained using cryo-EM 26 .
For the MTs composed of crudely purified tubulins decorated with MT-binding proteins (MTBPs), such as microtubule-associated proteins, the estimated dipole angles were slightly larger and smaller for GDP-MT and GDP-Taxol-MT, respectively ( = 38.7° for GDP-MT and 39.3° for GDP-Taxol-MT) ( Fig. 5e ), compared with those of the finely purified tubulins. We interpreted this small shift to mean that the average dipole angle of the MTBP is between the average dipole angles of the two states of tubulin, and accordingly shifted the estimates of the effective angle towards the dipole of the MTBP (Fig. 5f ). The phenomenological interpretation of these data is included in the Discussion section.
Temporal structural analysis in a protein crystal of photo-switchable fluorescent proteins.
We next examined the feasibility of a time-lapse observation of structural changes in a protein crystal to provide a tool that complements crystallography. We chose photo-induced conformational change for a model of the dynamic phenomenon, because the timing of the conformational changes can be precisely controlled by light irradiation. For the present experiment, we chose Kohinoor, a positively photo-switchable fluorescent protein whose chromophore is activated to a fluorescent state (active state) by 470-nm irradiation, and inactivated to a non-fluorescent state (inactive state)
by 395-nm irradiation 31 . We crystallized Kohinoor, because an ordered array of protein molecules effectively increases the SHG intensity, produces a high S/N ratio, and simplifies data analysis ( The crystal structure of Kohinoor has not been resolved. Therefore, we constructed a phenomenological model based on the crystal lattice structure of Padron, which is a previously reported photo-switchable fluorescent protein 32 . According to the model, two positive real parameters-p 1 and p 2 -are defined as beneficial variants to describe the pattern of polarization dependence of SHG in the Kohinoor crystal (see the Methods section for details). The state transition of a Kohinoor crystal has been successfully represented using these parameters estimated through SHG tensor analysis ( Fig. 6f and S5 ).
DISCUSSION
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In the present study, we improved the S/N ratio in SHG microscopy to detect the SHG signal emitted from a single MT ( Fig. 1 and 2 ), and established a method of analysing the structural differences between MTs using SHG tensor components ( Fig. 3 and 4) . When the signal was sufficiently high, we were able to calculate the dipole angle of each tubulin subunit from the incident polarization dependence of SHG intensity (Fig. 5) . The SHG microscope also enabled us to investigate the structural change in a crystal of a photo-switchable fluorescent protein (Fig. 6) . Therefore, the SHG tensor is undoubtable coupled to the protein structure, and SHG polarization microscopy is potentially useful for the analysis of protein structures.
The background noise in the SHG measurements originated from the glass coverslips used for the specimens (Fig. 2) . Although the mean value and the variance of noise intensity decreased significantly when the borosilicate substrate material was replaced with high-purity SiO 2 , the noise level persisted. This unexpected noise has not been considered in previous SHG studies of bulk samples 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] 30 . The problem might be negligible when the laser focus is significantly far from the substrate, or when the signal intensity generated by the specimen is sufficiently high. We think that the generation of a periodically inverted electrostatic field via the coherent photogalvanic effect is one of the major origins of the SHG light emitted by glass 33, 34 .
Fortunately, the depolarization effect of the objective lens is thought to enhance the dependence on polarization of the MT structure ( Fig. 3 and 4) . In other words, the depolarization effect is necessary for structural analysis using SHG microscopy. Designing optics solutions by considering depolarization over optical pathways makes SHG structural analysis more quantitative. This, together with background noise, are the next issues to be solved.
A discussion of the validity of the present estimation of the dipole angle (Fig. 5 ) is required. In the present study, the local coordinate system (s,t,u) was independently defined in each protofilament from the principal system (x,y,z) (Fig. S7a) . The local axes s and t were set to radial and azimuthal directions at the location of the corresponding protofilaments, and the u axis was parallel to the MT axis (u//z). In general, the three-dimensional orientation of a dipole p in a tubulin subunit can be expressed by two angle parameters: φ and δ ( (Fig. S7c) . As discussed above, the contribution of  MTBPs is thought to originate from an average dipole of MTBP with some specific angle . Because the lateral orientations of the dipoles make no contribution to the resultant SHG tensor components, it is possible to visualise a simplified situation in which all the dipoles exist in the same plane (the su plane in Fig. S7b; Fig. 5f ).
According to the experimental results (Fig. 5e) , the orientation of the MTBP dipole (Fig. 5f, white) must exist in the range between those of GDP-MT (Fig. 5f, green) and GDP-Taxol MT (Fig. 5f,   blue) . Because the structural difference between GDP-MT and GDP-Taxol-MT is minimal, the dipoles of the two structures can be considered equivalent in magnitude. Hence, we determined the angle of the MTBP dipole to be 38.58° and the magnitude to be 0.156-fold that of the MTs. Thus, the present method is also capable of detecting the attachment/detachment of proteins on a protein filament.
We represented the structural change in a Kohinoor crystal with two parameters based on the phenomenological model (Fig. 6f) . Considering the common mechanism displayed by Dronpa-based photo-switchable fluorescent proteins 35, 36 -in which the benzene ring in the chromophore is 11 dynamically flipped through a cis-trans transition-the same phenomenon might contribute to the change in the polarization dependence of SHG. However, an understanding of the relationship between these parameters and the structural change of the chromophore in Kohinoor require more information about the crystal structure of Kohinoor.
In the present study, we proved that SHG polarization is a label-free optical modality that can provide structural information about proteins. SHG measurements do not require labelling, unlike NMR and FRET, and are therefore applicable to long-term sequential sampling. The present study represents an important step toward the creation of a new structural analysis platform to support next-generation structural biology.
METHODS
Construction of the SHG microscope
Polarization-resolved SHG measurements were performed using a purpose-built laser-scanning SHG microscope in the transmission geometry with a polarization-controlled device in the incident light pathway (Fig 1) . We used a mode-locked Ti:sapphire laser (Chameleon Vision II, Coherent, Inc., 
Semrock, Inc.). For the investigation of single MTs, the SHG signal was split into X-and Y-polarized
components by a polarizing beam-splitter, and detected by two PMT modules. However, the beam splitter was not used to investigate MT bundles. Therefore, the total SHG intensity was detected using a single PMT module. To demonstrate imaging with our SHG microscope, we examined nerve cells prepared by fixing microtubules with Taxol followed by extraction of other proteins and organelles using Triton X-100. As shown in Fig. S1 , bundled MTs and the polarization of a small centrosome were selectively examined in dendrites and axons without labelling.
Fluorescent staining of tubulin
Tubulin was purified from a porcine brain through four cycles of polymerization and depolymerization using 1 M PIPES buffer (1 M PIPES-KOH, 1 mM EGTA, 1 mM MgCl 2 , pH 6.8)
for the effective removal of microtubule-associated proteins 37 .
The labelled tubulin was prepared by incubating the polymerized microtubule with Alexa Fluor 647 NHS Ester (A-20106, Life
Technologies, Inc.) for 30 min at 37°C 38 . We then purified the functionally labelled tubulin with two cycles of polymerization and depolymerization. Finally, the polarization-dependent SHG intensities were linearly normalized so that I Y (0°) equalled 1.0.
Preparation of single microtubules for observation
Theoretical calculation of the depolarization effect of the collection objective lens
We calculated the direction of the radiation from an X-polarized dipole collected using an objective based on electrodynamics theory 39 . The objective was assumed to be an ideal lens with high numerical aperture, which collimated a spherical wave diverging from its focal position. The refraction of vectorial rays was calculated at all positions on the lens plane based on Snell's law 28 , and the rays were projected on the Fourier plane (Fig. S3a) . To simplify calculation, an aberration-free singlet lens with a maximum detection angle of 60° was used instead of an objective
lens. An SHG dipole with a wavelength of 405 nm was placed at the geometrical focus. The detector 14 plane was divided into small pixels, and the polarization state of the optical rays from the dipole was calculated in all the pixels.
Looking at the intensity distribution of the X-and Y-polarized components on the Fourier plane, although the light source was purely X-polarized, Y-polarized light was detected particularly at the outer region (high-NA region) of the lens (Fig. S3b, left) . Depolarization was more obvious at the periphery of the Fourier plane. More precisely, the Y-polarized component was zero on both the X-axis (Y = 0) and Y-axis (X = 0) because the rays on the axes were purely p-polarized (on the
X-axis) or s-polarized (on the Y-axis).
In contrast, the Y-polarized component intensity became large at the diagonal axes Y = ± X. This is clearly visualized by the arrows on the plane indicating the directions of polarization (Fig. S3b, right) .
To evaluate the influence of depolarization on the measurement of MT polarization (Fig. 4) , we assumed virtual MTs with various  values (tilt angle of tubulin subunits) were placed on the focal plane with orientation along the Y-axis. The induced polarization of SHG was calculated using the SHG susceptibility tensor, as described below. The intensity of the X-and Y-polarized components was integrated at the Fourier plane to draw the polarization curves.
Preparation of microtubule bundles for observation
Xenopus egg extract and demembrenated sperm heads were prepared as reported previously for the investigation of MT bundles 40 . The reactions were conducted at 37°C in rectangular flow channels with a typical width of 1.2 mm, a height of 30 m, and a length of 18 mm, formed between two coverslips according to the following procedure (Fig. S4) . The demembranated Xenopus sperm was 
Polarization-resolved SHG imaging of microtubule bundles
A set of polarization-resolved SHG images was obtained by synchronous control of the x-y scanner and the polarization controller. The laser focus was raster-scanned in a 50 × 50 m 2 square with a pixel pitch of 500 nm (100 × 100 pixels) and a dwell time of 13 ms. The incident polarization was swept within the dwell time at every pixel position. The angle pitch was 7.5° and the number of angles was 26, which covered a total angle range of over 180°. The total time to obtain a whole image set was 130 s. The average laser power at the focal plane was approximately 30 mW.
Estimation of dipole angle of a tubulin subunit from the incident polarization dependence of SHG
The SHG intensity in an area that covered an entire bundle at each polarization-resolved image was integrated to obtain one set of polarization-dependent data for one bundle. The number of integrated pixels for a set of data was in the range 100-2000 depending on the size of the bundle. The polarization-dependent data were then fitted using the following theoretical function of incident polarization angle  with three fitting parameters ,  zzz and  zxx .
 denotes the average orientation angle of an MT bundle. Angles  and  were defined according to the Y laboratory axis (the vertical axis in the SHG images in Fig. 3b ). Parameters  zzz and  zxx are two components of the SHG susceptibility tensor. Equation S1 is a well-established form of SHG polarization dependence in biological filaments 30 .
We herein describe how to estimate the effective tilt angle () of tubulin subunits (-and -tubulins), defined in Fig. S7 , from the parameters  zzz and  zxx . The coordinate system for the definition of  zzz and  zxx is shown in Fig. 5c in the main text. The z-axis is defined as the direction parallel to the central axis of the MT, and the x-and y-axes are defined as perpendicular to the MT axis. Assuming cylindrically symmetric alignment of the tubulin,  zzz and  zxx are the only two independent non-zero components that express all other non-zero components. We applied Kleinman's law 1 , which was appropriate because the wavelengths used in our measurements were far from the absorption wavelength of proteins in an MT. The two components are related to  by the following equations:
= ( 
We estimated the effective tilt angle  throughout this study based on the values of  zzz and  zxx extracted from the curve fitting Eq. (S1) to the experimental results.
Crystallization of photo-switchable fluorescent protein Kohinoor
The cDNAs for Kohinoor kindly provided by Prof. T. Nagai were inserted into an Escherichia coli expression vector pAL7 (BIO-RAD, CA) and transformed into the E. coli strain Rosseta2 (DE3) (Merck Millipore, DE). The expressed Kohinoor was purified using a Profinity eXactTM 
Phenomenological model fitting the SHG observations of the Kohinoor crystal
We assumed that the space group of our Kohinoor crystal samples was P2 1 2 1 2 according to a report of the crystal structure of a similar positively switchable protein, Padron, into which some mutations were introduced to develop Kohinoor 31 . The SHG tensors under these symmetry conditions have only three components ( xyz ,  yzx , and  zxy ) in the tensor principal coordinate system (x,y,z) 41 . We introduced an imaginary part into each component of the SHG tensor to adjust for the effect of resonance on SHG, because the SHG wavelength in the present measurement system (405 nm) was within the absorption band of Kohinoor.
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The polarization dependence of the total SHG intensity was expressed as:
where  and  denote the orientations of the sample as defined in Fig. S8 , and p 1 and p 2 are material-dependent parameters expressed with  xyz ,  yzx , and  zxy by the following equations:
where the single and doubled primes represent real and imaginary parts, respectively.
According to equations S4 and S5, the complexity of the resonance effect was invisible under the experimental conditions when we measured total intensity. Moreover, only two real positive values of p 1 and p 2 were significant and beneficial to a discussion of the patterns of the polarization dependence curves of SHG from the Kohinoor crystal. Because the values of p 1 and p 2 can be uniquely determined as long as sin 2 (2) is not zero, we assumed  = /4 in the present study.
In the SHG signal obtained, I() comprises the polarization dependence of pure SHG intensity, I SHG (), and that of fluorescence, I fl (), as follows:
where c is a dimensionless parameter. The effect of fluorescence can be removed by using this equation with I fl () detected at 525 nm. Figure S6 shows the time courses of raw data I() (a,c) and Blue open circles, p 2 in inactivating process.
